Introduction
Atmospheric modes of variability such as the North Atlantic Oscillation (NAO) are thought to be important drivers for the natural variability of the ocean circulation over decadal timescales. Combining several datasets, Curry and McCartney (2001) and Häkkinen and Rhines (2004) were able to construct indices that reflect the slowing down of the subpolar gyre after 1995. It is most likely related to the change of the NAO index averaged on the winter months, from persistent positive values in the beginning of the 1990s, to mostly neutral or negative values until 2006. Studies using hydrological data enlightened the variability of the position of the main fronts in the subpolar North Atlantic (Bersch et al., 1999; Flatau et al., 2003; Sarafanov et al., 2008; Häkkinen and Rhines, 2009 ): while the Subarctic Front was moving westward in the late 1990s, more water of subtropical origin could invade the Iceland Basin, changing the balance of heat and salt in the whole subpolar gyre (Há tú n et al., 2005; Thierry et al., 2008; Sarafanov, 2009 ). However, the mechanisms involved in the ocean response to forcing anomalies from weekly to decadal timescales are far from being accounted for in the oceanographic literature. In particular, only relatively few observations provide information on the large-scale absolute transports in the entire water column, useful to validate, or even constrain, numerical models needed to understand the dynamics. In this study, we interpret a snapshot of the North Atlantic circulation as measured across the Ovide-A25 section ( The observed changes should be related to both the forced and internal variability of the circulation across the Ovide line in a period of neutral NAO. If two snapshots do not allow us to resolve the time scales associated with the observed variability, we will show, however, that some of the features most likely participate to the contraction and salinification of the subpolar gyre observed since 1995 (Häkkinen and Rhines, 2004; Johnson and Gruber, 2007) .
The method consists in the computation of absolute transports across the section via the inversion of the geostrophic velocity field combined with direct current measurements. The obtained transports show our best estimates of the circulation at the time of the surveys.
This method is particularly suitable in the subpolar gyre where the circulation is strongly barotropic. The objective is to understand some aspects of the coupling between the subpolar gyre horizontal circulation and the Meridional Overturning Circulation (MOC).
As it was articulated by Schott and Brandt (2007) ,''estimating the variability of the MOC from the ocean observations alone is a challenging task''. To begin with, one must define a suitable Schott et al. (2004) , apart from a more upstream separation of the North Atlantic Current in an eastern (ENAC) and a western (WNAC) branch, as suggested by Ovide observations. DWBC: Deep Western Boundary Current; EGC: East Greenland Current; EGIC: East Greenland-Irminger Current; IC: Irminger Current; NIIC: North Iceland Irminger Current.
estimate of the overturning. In our study, the geographic dissociation of the warm northward inflow in the Western European Basin and the cold southward outflow in the Irminger Basin at the same depths ( Fig. 1) introduces a 3-4 Sv ''Deaconcell'' effect (1 Sv¼ 10 6 m 3 s À 1 ) when the MOC is estimated by the transport integrated in depth coordinates (Schott and Brandt, 2007; Lherminier et al., 2007; Marsh et al., 2005) . Computing the MOC in density coordinates ðMOC s Þ takes into account the fact that most of the East Greenland-Irminger Current (EGIC) at 601N ultimately belongs to the lower limb of the MOC, while the North Atlantic Current (NAC) at the same depths belongs to the upper limb. Thus it appears to better reflect the water mass transformation north of the Ovide section and the associated heat transport.
In the following, we first present our method for estimating the transports across the section. Next, we show that the MOC s was 16.3 Sv both in June 2002 and and analyze how the horizontal circulation contributes to the overturning. Using flux estimates at the Greenland-Scotland sills, we find that the transport over Reykjanes Ridge nearly doubled in 2004, and then identify the important role of the circulation at the intermediate levels in this pattern. The water masses sampled on the section are then described at the light of the computed transports, with an emphasis on the origin of observed changes in the Irminger Current and in the East Greenland-Irminger Current. The results and their limitations are then discussed in the last section.
Data and method

CTD, oxygen and silicate data
The Ovide 2004 survey was carried out on the French R/V Thalassa. The hydrological section line (Fig. 1) At each station, measurements of temperature, conductivity and pressure were obtained using a Neil Brown Mark III CTD probe. Dissolved oxygen was measured with an SBE-43. The rosette was equipped with 28 8-l bottles. Seawater samples were analyzed on board to determine salinity and dissolved oxygen concentration-for calibration purposes-as well as nutrients, pH and alkalinity used for anthropogenic carbon inventories (Pé rez et al., 2008) . The CTDO 2 measurement accuracies are better than 1 dbar for pressure, 0.002 1C for temperature, 0.003 for salinity and 1 mmol kg À1 for dissolved oxygen (Billant et al., 2006) . The vertical sections of properties (y, S, O 2 ) are shown in Fig. 2 .
Silicate (actually orthosilicic acid Si(OH)4) was measured from bottle samples using Fanning and Pilson (1973) method with an Auto Analyser II Bran and Luebbe (Fig. 3) . We obtain a precision better than 7 0:25 mmol l À1 , i.e. 0.10% of the full scale in the WOCE standard (Joyce, 1991) .
SADCP data
The velocity and direction of the oceanic currents were measured along the route by the two Shipboard Acoustic Doppler Current Profilers (SADCP): an RDI Narrow Band at 75 kHz (NB75) and an RDI Broad Band at 150 kHz (BB150). Raw data were processed as explained in L07. At stations, SADCP profiles could be compared with Lowered ADCP profiles processed by the LDEOVisbeck software (Visbeck, 2002) .
Between the stations, we corrected the NB75 alignment by +0.221 so that we find no correlation between ship velocity and the current velocity perpendicular to the ship track. This correction is different from the Ovide 2002 survey ðþ0:45 3 Þ in all likelihood because the placement of the GPS antennas was changed in the meantime, leading to a slight change in the ship mean heading estimates. In this work, we relied largely on the NB75 currents averaged in the layer from 200 to 400 m depth between stations. However, since this ADCP failed between stations 73 and 76, we used the BB150 data in the 40-130 m layer there, after making sure that the Ekman currents could be neglected (weak winds). The BB150 data were also more appropriate on the shallow East Greenland Shelf, from stations 12 to 15. An alignment correction of À 0.121 was applied on the BB150 data.
Barotropic tidal currents were removed using the global 1/4 degree tide model of Egbert et al. (1994) . Note that tidal currents that were removed were all smaller than the error estimate of the SADCP mean velocity between stations shown in Fig. 4c .
Transport estimates across the section
The data are combined in a generalized least squares inverse model (Lux et al., 2000) , as in L07, to estimate the absolute velocity across the Ovide section and quantify the associated uncertainty based on one standard deviation (the standard error). We start from an a priori solution that consists of the geostrophic velocity field as the sum of the thermal wind and a priori (first guess) reference level velocities. The objective of the inversion is to refine the velocity estimates at the reference level by minimizing-in the least squares sense-a set of constraints given by independent estimates of transports (i.e. ADCP measurements and integral transports of mass and tracers) and the distance to the a priori solution. Each piece of information is weighted by an associated error (see L07 for more details). The model gives an absolute velocity field along with standard errors. All the transports discussed hereafter are counted positive north-eastward and include the Ekman transport calculated separately from Quikscat winds and equally distributed in the first 30 m. Sections 2.3.1 and 2.3.2 give the details of the constraints that are specific to the 2004 inversion. The reader not interested in those details might skip directly to the presentation of the resulting velocity field Section 2.3.3.
Selecting the a priori solution
The reference level is set at different isopycnals depending on Fig. 4a . In the western boundary current (stations 12-22), an a priori velocity value of À 0.15 m s À 1 is chosen at the reference levels, based on the average of SADCP and Lowered ADCP (LADCP) observations of three different cruises (Fourex 1997 and Ovide) . Otherwise, the a priori reference level velocity is set to 0 (stations 22-118) in agreement with the weak velocities measured by the LADCP, except at pair 62 (st. 73-74) where all current observations suggest a peculiar barotropic circulation (Fig. 4b) .
The a priori velocity error at the reference level, shown in grey in Fig. 4b , is chosen between 0.01 and 0.15 m s À 1 according to the observed variability of the circulation at this level. The large uncertainties, up to 0.15 m s À 1 , permitted in the Irminger-Iceland Basins, take into account the full-depth energetic features seen on the LADCP section (Fig. 5a ). Final estimates of the reference level velocities (Fig. 4b) the following, and based on this a priori field plus all the constraints developed in Section 2.3.2. Those velocities are found reasonably compatible with the first guess.
The a priori solution takes into account some specific patterns of the velocity field as measured by the LADCP in June 2004. Therefore, it is slightly different from the a priori solution that was chosen for the June 2002 section in L07. An experiment conducted with the same a priori solution as in 2002 showed that the adjustments made on the a priori velocity field improved the compatibility with the constraints developed hereafter, without changing the solution significantly.
Constraints
As in L07, the overall volume transport to the north is set to 1 Sv, in agreement with the latest estimates of the Arctic exchanges with the North Atlantic (Cuny et al., 2005; Maslowski et al., 2004; Serreze et al., 2006) . Imposing this constraint is also consistent with high resolution models, which show a monthly variability of 71 Sv across the Ovide section (A.-M. Treguier, pers. communication) . Ganachaud (2003) shows that the ageostrophic variability of the ocean, induced by internal wave isopycnal heave has an uncompensated transport near the slopes, inducing a 3 Sv error in the volume constraint we set. The section was sampled within 20 days, so one might expect that this lack of synopticity has consequences on the net transport across the section, besides the effect of ageostrophic dynamics. However, typical mesoscale features are crossed within 1 or 2 days, i.e. much less than their typical timescale, so that eddies have actually a negligible net transport. For this reason, Ganachaud (2003) concluded that non-synopticity is not the main issue in inverse analysis of hydrological surveys. As a result, the accumulated effect of non-synopticity, ageostrophy and monthly variability leads to a 73 Sv standard error on the volume transport. After the inversion OV04, a value of À 0.1 72.5 Sv is obtained (Table 1) .
Other constraints are provided by the transports calculated from the SADCP measurements averaged between the stations and projected perpendicular to the section, to be directly comparable to geostrophic transports. Averaging SADCP data between stations below the Ekman layer minimizes the spatial aliasing and the impact of the ageostrophic dynamics. The errors on the SADCP velocity estimates are calculated as in L07 and lie between 0.01 and 0.06 m s À 1 (Fig. 4c) , large values resulting from short-distance pairs or from bad weather. Unfortunately, the SADCP data could not be used in the oligotrophic Iberian Abyssal Plain, because suitable reflectors are probably much scarcer than in the other parts of the section. Residuals on SADCP constraints, normalized by the a priori error, are plotted Fig. 4d . Comparing the a priori and the final residuals shows the sensible improvement in the compatibility between the geostrophic velocity field and the SADCP data. The transport in the Eastern Boundary Current (stations 109-118) was estimated by LADCP measurements as in L07, and used as an additional constraint: 5 73 Sv in the top layer (down to s 2 ¼ 36:94), and 172 Sv below. It results in transports of 2.570.8 and 1.5 70.8 Sv in those boxes after inversion. Adding all the ADCP constraints diminishes the uncertainties on the transport of each current (Table 1) .
The solution minimizing the squared distance to the a priori solution and residuals of all the constraints above, shown in the '' +ADCP'' column of Table 1 , results in large uncertainties in the Iberian Abyssal Plain (IAP) deep circulation, as it could be expected from the lack of direct velocity measurements or ADCP constraints there. Furthermore, the net silicate transport of 67 kmol s À 1 across the section is slightly high compared to what we can find in the literature (Fogelqvist et al., 2003; Á lvarez et al., 2002; Dittmar and Kattner, 2003) . To improve the silicate budget and reduce the uncertainties, we use an overall constraint of 0730 kmol s À 1 . As expected, the silicate constraint reduces significantly the northward transport of Antarctic Bottom Water (AABW), but mainly in the IAP (Table 1) where no other data constrain the solution; the transport is hardly changed west of the Azores-Biscay Rise (Fig. 1a) where the deep water is also rich in silicate. To compensate for this issue of the least squares method, we also constrain the bottom transport of the IAP to 0.8 70.8 Sv, consistently with the method and estimates of McCartney (1992) and Saunders (1987) . This way, we recover the a priori geostrophic total transport of AABW with a more balanced impact of the silicate constraint east and west of the Azores-Biscay Rise, while the silicate transport is reduced to 5 728 kmol s À 1 . A detailed comparison between the solutions with or without the last 2 constraints shows that, considering the computed errors, both solutions are compatible (Table 1) . However, we prefer to use the fully constrained solution, named ''OV04'', that both conserves silicate and is close to published estimates of the bottom water transport in the IAP (McCartney, 1992 Distance from Greenland (km)
Depth ( 
Results
The resulting OV04 velocity field is plotted in Fig. 5b . The comparison with the quasi-independent LADCP data Fig. 5a and c is remarkable, considering that the LADCP velocity field is aliased by the discrete spatial sampling (see L07 for evidence of this aliasing). Indeed, all the main features are resolved in both velocity fields with similar intensities, although the inverse solution is a geostrophic average between stations and the LADCP profiles are local measurements.
In Fig. 5c , comparisons at three selected depths above 2000 m (LADCP data are more uncertain below) show that the agreement is not as good in the IAP, as a result from the lack of SADCP constraints there. However, no bias could be detected, and the mesoscale patterns seem to be simply smoothed out, as expected. North-west of the IAP, the standard deviation of difference between the inverse and LADCP velocities is similar to the LADCP precision, i.e. $ 0:03 m s À1 . the lightest waters that pass the sills. This is the reason why the 1997 estimate is 0.5 Sv weaker than in L07. So we conclude that we obtain a similar MOC in June 2002 and June 2004, one that is weaker than in 1997. As in OV02, the MOC s amplitude is only marginally affected by the ADCP constraints (Table 1) , and its estimation error is mainly related to the uncertainty on the net transport across the section. In the following, the isopycnal of the maximum of the MOC The western boundary current, composed of the East-Greenland/ Irminger Current (EGIC) and the Deep Western Boundary Current (DWBC), is an important contributor to the southward branch of the MOC. Near Greenland, we define the DWBC as the southward transport of water denser than s D between the slope and the deepest station in the Irminger Sea (station 27 in 2004) , following here the definition of Bacon (1998) . Its transport is estimated at 11.271.7 Sv. It is 2 Sv stronger than in OV02, and similar to the 4X97 value (L07). In terms of decadal variability, the DWBC was found to increase by at least 2 Sv between the mid-1990s and the 2000s around a mean value of $ 9 Sv -23) , 6 Sv more than in OV02, when the EGIC is defined here from the Greenland to the pair of stations where the flow reverses to the north (at 59 3 41u39 3 35u both years, i.e. 200 km from Greenland). However, part of this change is due to an intensified cyclonic circulation in the Irminger Sea, and once integrated on the basin (Fig. 7) , the net increase is only 3 Sv in the EGIC. So the transport of the dense part of the western boundary current (the DWBC plus the EGIC contributing to the MOC) is about 5 Sv larger in June 2004 than in June 2002, although the net MOC s is the same. As the Reykjanes Ridge acts as a natural barrier in the deep horizontal circulation, the total baroclinic transport shown in Fig. 6 has been decomposed west and east of the ridge in Fig. 7 . The baroclinic structure of the upper layer (Fig. 7) (Á lvarez et al., 2002) . Only 0.02 PW could be explained by the slightly different locations of the sections (see Fig. 1 and the discussion in L07). Although we cannot prove it yet, we expect some correlation between the heat flux and the MOC s , since the area covered by the upper limb of the MOC s overlaps with the NAC that brings heat northward, and since the contribution of the eddies and meanders to the heat transport across the section was shown to be small (Treguier et al., 2006) . Indeed, from ocean models constrained by observations, Huck et al. (2008) show a strong relation between MOC s (THC of their Fig. 2 ) and heat flux at 481N, and both reached a maximum in the mid 1990s and have been declining since (T. Huck, personal comm.) . In contrast, one expects a weaker correlation between the MOC integrated over depth and the heat transport for sections crossing the subpolar gyre (Biastoch et al., 2007) .
Analysis of the Meridional
In 
Variability of the upper ocean circulation and its contribution to the MOC
We propose now to identify the water masses and quantify the transports that contributes to the upper limb of the MOC s , i.e. above s MOC (Fig. 8) . East of Eriador Seamount, the transport is dominated by the large NAC sustained by the contrast between the relatively cold-fresh waters of the subpolar gyre and the warmer-saltier water of subtropical origin (Belkin and Levitus, 1996; Bersch et al., 1999) . In this front, the top layer salinity increases from about 35 to 35.6 (Fig. 8a) . Holliday et al. (2008) specify that over the 1976-2006 time period, the salinity values over the North-East Atlantic reach a maximum around 2004. The net northward flow of the NAC is scattered among powerful eddies and meanders within the front (Fig. 8b) .
Westward shift of the NAC northwestern branch
The northern limit of the NAC is observed in June 2004 at 531N and 251W, near Eriador Seamount (the prolongation of Hatton Bank, 1450 km from Greenland on the section). This current is found about 200 km to the south-east in June 2002, in the prolongation of the Rockall Plateau. At 521N, near the Charlie-Gibbs Fracture Zone (CGFZ), the position of the NAC is relatively constrained by the bathymetry. At Ovide latitudes, it is more spread out and Belkin and Levitus (1996) for example have reported shifts of the NAC position up to 300 km over a few months. However, the northern limit of the NAC is easily identified in Fig. 8a and b, and seems to be influenced by the two topographic features south of the Rockall Plateau (Fig. 8c) (Fig. 4b , station 61), and recalls the observation of the NAC front made by Schott et al. (1999) at the CGFZ in 1997.
Recirculation into the subtropical gyre
The southern limit of the NAC is more difficult to determine, because it depends on how one takes into account the southward recirculation in the Iberian Basin. For convenience, we place the limit on the Azores-Biscay Rise that, in the mean circulation scheme of Paillet and Mercier (1997) , separates the broad northward flow associated with the NAC and the southward recirculation in the Iberian Basin. The transport of this southward recirculation amounts to 8 Sv in OV02 and 3 Sv in OV04 in the top layer (Fig. 8) , and was shown to be anti-correlated with the NAC northward transport in an eddy-resolving model (Treguier et al., 2006) . So the southeastern part of the section mainly describes a varying anticyclonic circulation centered on the Azores-Biscay Rise, that is fed by the eastern part of the NAC and belongs to subtropical gyre.
Branches and fate of the NAC
Within the NAC, it is possible to distinguish several branches characterized by the maxima in the northward transport. Could our transport calculation be used to support the scheme in Fig. 1b whereby the eastern part of the NAC (the ENAC) is mainly responsible for the flow at the Greenland-Scotland sills, and the western NAC (WNAC) is the main contributor to the flow over Reykjanes Ridge? The 16 Sv net transport of Atlantic water that feeds the Nordic seas and the North Atlantic subpolar gyre are found above s MOC , with no significant net transport below.
This observation is consistent with the results of Bower et al. (2002) , where most of the water crossing the Iceland-Faroes ridge to the north is lighter than s y ¼ 27.5 (i.e. above s MOC ). Østerhus et al. (2005) estimate that $ 8 Sv flows through the IcelandScotland sills. In Fig. 8 , accumulating 8 Sv of northward transport from Portugal westward along the section provides a possible means for defining the northern limit of the ENAC, with this contingent upon the hypothesis of no diapycnal flux and continuity of the streamlines. This way, the anticyclonic circulation that belongs to the subtropical gyre cancels. Due to the presence of meanders, different points fulfill this transport criterion, but there is one that seems more appropriate (vertical lines around 2000 km in Fig. 8 ), as it marks the northwestern limit of a thermohaline front, with a salinity gradient of 0.15 (1 1C in temperature). Between this separation point and Eriador Seamount lies a 0.4 salinity gradient that sustains the 8 Sv WNAC.
Using this criterion, the salinity range of the ENAC (35.4-35.6) is consistent with the 35.3-35.5 salinity range of the North Atlantic Water as reported by Holliday et al. (2008) in the salinity cores east and west of the Faroe Islands (the Faroe-Shetland Channel and the Faroe Current, respectively) in the early 2000s. By contrast, the fresher WNAC (35-35.4) is likely to be a minor source of the Nordic seas inflow, given the along-path freshening of the waters carried by the NAC from the Ovide section to the Iceland-Scotland sills.
Thus despite the fact that many of the features described here are transient, it is possible in OV02 and OV04 to separate schematically the NAC in two main branches corresponding to two distinct thermohaline fronts: the ENAC, mainly feeding the Nordic seas (8 Sv) plus the varying contribution to the subtropical gyre, and the WNAC, belonging to the Atlantic subpolar gyre. It is not clear yet whether this branching is characteristic of the surface circulation in the northern North Atlantic after the 2001 shift (Häkkinen and Rhines, 2009) .
The upper part of the water transported from the West European Basin into the Irminger Sea by the WNAC looses buoyancy in winter, forming a water denser than s MOC (Brambilla et al., 2008) that is exported from the northeastern subpolar gyre via the Irminger Current.
Variability of the transport over Reykjanes Ridge
The four boxes
In order to determine our best estimate of the transport over Reykjanes Ridge in June 2002 and 2004, the volume between the Ovide section and the Greenland-Scotland sills can be divided into four boxes: east and west of Reykjanes Ridge, and above and below s D (i.e. s 2 ¼ 36:94, Fig. 9 ). This isopycnal is chosen because it traditionally defines the upper bound of the deep waters. In the following, we will consider that the whole product of the overflows belongs to the deep layer only. Indeed, south of 601N, the lighter form of those overflows is found in the North East Atlantic Deep Water (NEADW) formed in the Iceland Basin by the entrainment of Lower Deep Water (rich in AABW, see van Aken, 2000) in the Iceland-Scotland Overflow Water (ISOW, itself the product of a mixing down the Iceland-Scotland sills as explained in Yashayaev and Dickson, 2008; Sarafanov et al., 2010) . The NEADW totally belongs to the lower layer, as attested by the increase in silicate concentration with depth, which exceeds 12 mmol kg À1 only below s D on each side of Reykjanes Ridge in Fig. 3 . The Ovide section crosses Reykjanes Ridge at the latitude of 58 3 50uN. As seen in Fig. 2 , the deep water lies below the top of Reykjanes Ridge. Considering that there is no sill in the ridge between the Ovide section and Iceland nor any evidence that the isopycnals rise northwards, significant quantities of deep water cannot pass over Reykjanes Ridge between the section and Iceland. Thus one finds three interfaces between those four boxes, and four interfaces with the subpolar seas.
We are interested in estimating the fluxes and errors through the seven interfaces of the four boxes, the transports across the Ovide line being known as a result of the previous inversions. The seven fluxes are linked with five equations: the balance of overall volume flux across the Greenland-Scotland sills and the Ovide section (reflecting the overall volume conservation), and the volume conservation in the 4 boxes. The method and hypothesis used to estimate those fluxes are further described in Appendix A. Note that the transport through the English Channel (0.1 Sv) is neglected.
Transport estimates in June 2002 and 2004
Transports estimated in OV02 and OV04 are illustrated in (Fig. 7) .
One may object that the flow connecting the Iceland Basin and the Irminger Sea could have simply passed round the ridge more to the south in 2002 instead of over the ridge. However, the northward Irminger Current (Fig. 1) , as measured across the Ovide section west of the Reykjanes Ridge, did not vary significantly between OV02 and OV04 (Fig. 8 , between 530 and 700 km); examining the barotropic transport, it was found at about 13 Sv from surface to bottom both years. It means that an additional westward flux appeared in the intermediate layer above the ridge, that entirely fed a stronger export of water from the Irminger Sea. The Denmark Strait overflow at Denmark Strait and the entrainment from the intermediate water tends also to be stronger in OV04 than in OV02, feeding the stronger Deep Western Boundary Current across Ovide. The overall picture is consistent with the relation between the overflow intensity and the subsequent entrainment, as shown in Price and Baringer (1994) . However, the entrainment here is an estimate over the whole Irminger Sea, and some entrainment can be suspected within the Irminger Current, independently from the plume dynamics of the overflow (Lauderdale et al., 2008) . Since the transport in the bottom layer at 601N is similar in OV02 and OV04 (2 Sv, Fig. 7) , it is actually plausible that the overflow did not change much. No significant change can indeed be seen between In order to better identify the water masses advected from the Iceland Basin to the Irminger Sea, the eastern subpolar gyre is divided into three regions. Each region is illustrated in Fig. 10 by two y2S plots of the corresponding Ovide stations in OV02 and OV04, over color patches indicating the transports binned in the y2S space.
The first region to be discussed is the Iceland Basin, between the top of Reykjanes Ridge to the northern limit of the NAC. The cyclonic circulation of the Iceland Basin is particularly visible in OV04 (Fig. 10b) , where the fresher waters are advected northward, in the eastern Iceland Basin and west of the NAC, and the saltier southward, along Reykjanes Ridge. This repartition of transport-properties in the upper layer shows that (i) the origin of the salt along Reykjanes Ridge has to be found more to the northeast in the NAC (Pollard et al., 2004; Thierry et al., 2008) , and (ii) the SubArctic Intermediate Water (SAIW) visible by the relative minima in salinity (Harvey and Arhan, 1988) and advected northward in the Iceland Basin has a minor influence near the ridge. The bipolar transport-property repartition is much less clear in 2002 (Fig. 10a) , because the cyclonic circulation was quite weak and the SAIW not so present. However, the southward current east of the ridge also transports the saltier water.
The eastern Irminger Sea (Figs. 10c and d) is subject to the influence of the north-eastward Irminger Current. The origin of this current is still debated. It is generally admitted that the barotropic anticyclonic circulation observed around Reykjanes Ridge during Ovide surveys exists all year round, following f/H contours (Bower et al., 2002; Treguier et al., 2005) . In our observations, the Irminger Current has the structure typical of summer as described in Knutsen et al. (2005) . Further west, Lavender et al. (2005) describe narrow cyclonic circulations just offshore Greenland that connect the central Labrador Sea and central Irminger Sea, and are mainly wind-driven and present allyear long according to Spall and Pickart (2003) . Those circulation patterns are represented schematically in Fig. 1b . In June 2004 (Fig. 10d) , one clearly finds the two distinct influences in the upper layer (above about 1700 m) advected northward: on the one hand, a relatively salty mixing line proper to the Icelandic Slope Water (ISW), a mixture of ISOW and Atlantic thermocline water described by Yashayaev et al. (2007) and flowing southward on the east side of the ridge (Figs. 10a and b) ; on the other hand, a fresher mixing line that incorporates the upper Labrador Sea Water (uLSW) and most likely belongs to the inner subpolar gyre. So this analysis reveals the dual origin of the Irminger Current (Iceland Basin and south of Greenland). Any significant shortcut of the NAC from the Charlie-Gibbs Fracture Zone, as described by Pollard et al. (2004) in 1996, would have brought much saltier water into the Irminger Sea, and is therefore very unlikely here.
The western boundary current is characterized by the southward 
Origin of the warm and salty anomaly in the EGIC in June 2004
Based on the previous analysis, we modified the limits of the domain of Fig. 10 (that were based on transport arguments) and identified five new regions with coherent hydrological properties in the subpolar gyre (limits detailed in Table 2 ). The mean properties of waters in those regions are plotted in Fig. 11 This synthetic y2S plot also captures the water mass transformation that characterizes the MOC, from warm and salty water (T 4 6 3 C and S 4 35:1) to colder and fresher water (T o 5 3 C and S $ 34:9).
Discussion and conclusion
The different components of the North Atlantic circulation were estimated across the Ovide section using an inverse model. Table 2 and plotted in Fig. 1 (Fig. 8) passed the IcelandScotland Sills, while about 8 Sv of the WNAC in the same density layer flowed toward the Irminger Sea where the water densified during the previous winter within the eastern subpolar gyre is evacuated via the EGIC (Brambilla et al., 2008; McCartney and Talley, 1984) . Of course, additional datasets and models are required to further study the stability of the consistency between the ENAC and the outflow into the Nordic seas. Furthermore, the strong eddies observed between the two NAC main branches were likely to facilitate significant water mass exchanges. When measured across the section at 58 3 N50u, the Irminger Current in OV02 and OV04 is estimated at 12 73 Sv northward west of Reykjanes Ridge and balances the southward transport of slightly warmer and saltier water measured on the other flank of the ridge. In the Irminger Sea, the Irminger Current is fed downstream by the transport over Reykjanes Ridge. Building on the (documented) assumption that the transports over the Greenland-Scotland Sills have a small variability at monthly to interannual time scales, we found a 14 Sv transport over Reykjanes Ridge in June 2004, between the section and Iceland (Fig. 9) . Compared to June 2002, the additional transport of 4-5 Sv was related to the transport increase in the intermediate layer upstream (Fig. 7) . No clear increase could be found in the surface currents seen by altimetry, confirming that the anomaly on Reykjanes Ridge is found in a sub-surface density layer. In the year 2001, Pickart et al. (2005) observed no transport increase in the Irminger Current between their estimates at 591N west of Reykjanes Ridge and at 651N off Greenland. This apparent contradiction with a significant flux over Reykjanes Ridge can only be explained by a detrainment of similar amplitude from the Irminger Current as it flows along Reykjanes Ridge. This detrained water would ultimately merge with the western boundary current along its path off Greenland.
Potential Temperature (° C)
At 601N, west of the narrow cyclonic circulation mentioned in Section 6.1, the EGIC is found at 23.7 Sv in OV04, when integrated from the surface to s D . Compared to OV02, the 3.2 Sv net transport increase is concentrated in the upper intermediate layer (Fig. 12) . Below s D , the DWBC transports 11.2 Sv southward, with the 2.1 Sv increase totally located above the DSOW layer (i.e. above the dashed line in Fig. 12 ). So the 4-5 Sv intensification (Fig. 11) .
The bottom layer, representative of the DSOW core, transports 2 Sv in both years (Fig. 7) , but is marked by much fresher waters in June 2004. This steadiness is in agreement with Dickson and Brown (1994) conclusion, although it may also be a coincidence considering the monthly variability of the DSOW transport at the Denmark Strait (between 2 and 4 Sv in Macrander et al., 2005) .
It can be objected that the transports estimated in OV02 and OV04 may result from a daily to weekly variability. However, as shown by Ganachaud (2003) and discussed in Section 2.3.2, most of this high frequency variability is damped by the inversion method that mixes observations made over three weeks. This is confirmed by the first analysis of the EGIC transport made by an array of currentmeters, showing that our results are consistent with one-month averages (Daniault et al., submitted for publication). At longer timescales, realistic models show that the monthly variability of the MOC s and of the boundary currents is weaker between June and August (A.-M. Treguier, pers. communication) .
In June 2004, a noticeable anomaly of warm and salty water was found in the upper intermediate layer ðs 1 ¼ 32:1232:25Þ, that did not exist in June 2002. Both transports and properties point to the WNAC as its only possible origin. The advection of such an anomaly directly from the NAC into the Irminger Sea (west of the Mid-Atlantic Ridge) is disregarded here, considering the relatively fresh properties of the eastern Irminger Sea (Fig. 10) . A focus process study will be needed to elucidate the timescales of the anomalies in transport and properties of the Irminger Current. However, this intrusion of warm and salty water into the subpolar gyre is consistent with our observation of the northwestward shift of the WNAC. At decadal timescales, it also relates with an increasing intrusion of subtropical water in the eastern North Atlantic in the 2000s (Há tú n et al., 2005; Johnson and Gruber, 2007; Holliday et al., 2008; Häkkinen and Rhines, 2009 ).
The MOC s was found to be the same during OV02 and OV04, at about 16 Sv (Fig. 6) , despite the changes in the horizontal circulation of the subpolar gyre intermediate layer. The densification of Atlantic Water in the Nordic seas results in 6 Sv overflows at the Greenland-Scotland ridge seen at the bottom of the DWBC, and we assumed them to be similar in 2002 and 2004. An entrainment of about 2 Sv is expected to increase the Denmark Strait Overflow transport shortly after the sill (Dickson and Brown, 1994) . Some entrainment (less than 2 Sv) is also expected downstream the Iceland-Scotland overflow, although the balance with a plausible upwelling across s MOC cannot be quantified here.
As a result, about 8 Sv of the MOC s are inherently associated with the overflows.
There are still about 8 Sv to explain in the MOC s value. According to our results, those find their source in the horizontal circulation formed mainly by the WNAC above s MOC northward and the EGIC below this isopycnal southward. The top of the DWBC (3 Sv in OV04, and 1 Sv in OV02) is also part of this balance, via the entrainment under the EGIC, and the variability of the intermediate layer circulation modifies the transport distribution in the lower limb of the MOC s without changing its amplitude. So the 8 Sv integral transport southward, above the overflow contribution, is mainly driven by the formation of dense water in the North Atlantic subpolar gyre in winter (Brambilla et al., 2008) that is progressively replaced later on by lighter water via the WNAC along the horizontal circulation of the gyre.
One may expect some seasonal variability in the contribution of the horizontal circulation. This is due to the changing stratification in the subsurface Irminger Sea, and additionally to the influence of the wind on the gyre circulation. This seasonal cycle is not addressed by the measurements since the Ovide section is always repeated in June. In a simulation forced by a time-averaged seasonal cycle, Treguier et al. (2006) show a 4 Sv peak-to-peak seasonal variability in their MOC s across the Ovide path, with a maximum in Spring and a minimum in Autumn. At the end of the winter, the EGIC mixed layer deepens and gets denser than s MOC , while the stratification did not change much at similar densities in the WNAC (i.e. below the main pycnocline), so that the volume increase at the top of the MOC s lower limb shall indeed induce a stronger MOC s . Some of the MOC s variability is also due to the gyre circulation variability induced by the wind, stronger in winter, but this point requires a focused study. Finally, as was observed in the hydrological properties of the Ovide section, a large fraction of the LSW formed in the Labrador Sea recirculates into the subpolar gyre before being advected equatorward in the DWBC. So the MOC s as calculated here accounts for it, but with a lag that is not clear yet and needs to be better understood.
The Ovide section reveals a complex eastern subpolar gyre that can be seen as an imbrication of four cyclonic circulations: a tight cyclonic circulation off Greenland; a larger but closed gyre (in terms of full-depth stream lines) with an eastern frontier at the northeastern limit of the WNAC (Fig. 8) ; a larger gyre up to the ENAC and to the Greenland-Scotland sills, responsible of about half of the water mass transformation in the subpolar North Atlantic according to this analysis; and the large-scale gyre that includes the Nordic seas and accounts for the other half. solution
To estimate unknown fluxes across the box interfaces in Fig. 9 , one might set the two well-known overflows at 3 Sv towards the lower boxes, use the transports across the Ovide section to prescribe the exchanges with the Atlantic south of the Ovide section, and then solve the system of equations, beginning by the lower boxes. However, it seems more interesting to estimate errors by solving the system with a generalized least squares method, similar to the one applied previously (Mercier, 1986) . The standard errors on the Ovide inversion set the errors on the five volume conservation equations. A unique solution is obtained by setting a priori values for the seven unknown fluxes (Jackson, 1979) , compatible with the flux values at the time of the cruises, resulting in transport estimates and errors through the interfaces. For that purpose, we use the annual mean with an a priori error that reflects both the sampling uncertainty and the monthly variability, so that the most likely values relative to our two snapshots of June lies within the a priori ranges.
A state-of-the-art review of the North Atlantic-Nordic Sea exchanges was first presented by Hansen and Østerhus (2000) . Since then, an intense period of observations within the EC-VEINS (Variability of Exchanges in Northern Seas) and ASOF (ArcticSubarctic Ocean Fluxes) studies was achieved, more focused on the variability and the fresh water fluxes. No detectable trend was found in the net exchanges across the Greenland-Scotland sills (Dickson et al., 2008b) , at least during the main decade of observations from the late 1990s to 2005. The a priori transports across the seven interfaces were chosen based on those observations, and are described in Table 3 .
